Abstract. Cowpea or Southernpea [Vigna unguiculata (L.) Walp.] is an important legume crop used as a feed for livestock, as a green vegetable, and for consumption of its dry beans, which provide 22% to 25% protein. The crop is very sensitive to alkaline soil conditions. When grown at soil pH of 7.5 or higher, cowpea develops severe leaf chlorosis caused by deficiencies of iron (Fe), zinc (Zn), and manganese (Mn) resulting in stunted plant growth and yield reduction. We evaluated in replicated field experiments at St. Croix, U.S. Virgin Islands, and Juana Díaz, Puerto Rico, 24 PIs and two commercial cultivars, some of which have shown some tolerance to alkaline soils in unreplicated, seed regeneration plots of the U.S. cowpea collection. Alkaline soil conditions at St. Croix were too severe resulting in average yield of genotypes at this location being significantly lower and 77% less than that at Juana Díaz. Nevertheless, some genotypes performed well at both locations. For example,
Cowpea (Vigna unguiculata L. Walp.) is an important grain legume crop used as a feed for livestock, as a green vegetable, and its dry beans provide 22% to 25% protein (Goenaga et al., 2008; Murillo-Amador et al., 2006) . Because of its versatility, high nutrition, and self-pollinating nature, cowpea has been advocated as a candidate crop for space agriculture (Nelson et al., 2008) . World production of cowpea was 3.23 · 10 6 metric tons in 2007 with 93% of total production originating in African nations (Food and Agriculture Organization, 2009) .
Calcareous soils, where cowpea is often grown, cover more than 25% of the earth's soil surface (Marschner, 2003) . When grown at pH greater than 7.5, cowpea develops severe leaf chlorosis caused by deficiencies of Fe, Zn, and often Mn. To our knowledge, there are no commercial cowpea cultivars possessing alkaline-soil tolerance, but evidence of genotypic differences has been observed (Goenaga, personal observations) . For years, seed of photoperiod-sensitive accessions in the U.S. Department of Agriculture (USDA) cowpea collection conserved at Griffin, GA, has been regenerated at the USDA Agricultural Research Service (ARS) facilities in St. Croix, U.S. Virgin Islands . Genetic diversity for tolerance to alkaline soil conditions such as those encountered at St. Croix has been observed by the authors during these regeneration cycles in field plots with pH greater than 8.0. Tolerance is defined in this study as the ability of a genotype to produce a good crop when field-grown at a pH greater than 7.5.
The present study was conducted with the objective of determining yield potential of various cowpea genotypes that have shown alkaline-soil tolerance in unreplicated seed regeneration plots as an effort to identify materials that could be used in cowpea breeding improvement programs.
Material and Methods
This study was conducted at the USDA, ARS, Germplasm Introduction and Research Unit in St. Croix, U.S. Virgin Islands (fine loamy, carbonatic isohyperthermic Typic Calciustolls) and at the University of Puerto Rico, Juana Díaz, Agricultural Experiment Substation (fine loamy, mixed isohyperthermic Cumulic Haplustoll). Soil and historical climatic characteristics at each site are described in Tables 1  and 2 The phenotypic descriptors and origin of the PIs in the experiment are described in Table 3 . The accessions PI 582805 and PI 582850 were included in the study as ''very resistant'' controls to Fe chlorosis when grown in alkaline (pH = 8.2) soil (USDA-ARS, National Genetic Resources Program, 2010). The commercial cultivars Coronet and Pinkeye Purplehull were used as susceptible controls. The experiments were planted in a randomized complete block design with four replications. Because of the prostate growth habit of some genotypes, experimental plots consisted of 3-m rows spaced 6.1 m apart. Seedlings were thinned to an in-row spacing of 15 cm. Fertilization was provided 1 month after planting using a 15N-2.2P-8.3 K commercial mixture at a rate of 138 kgÁha -1 . Plants were drip-irrigated at both locations as necessary. Midbloom and maturity were determined as the number of days after planting at which 50% of plants flowered and the first dry pod appeared, respectively. Pods were harvested by hand as they matured, dried at 38°C, 25% relative humidity, and shelled. Seed yield was then determined by extrapolating total plot seed weight to a per-hectare basis. Plant height was measured with a ruler at midrow. Pod length was determined by averaging the length of 10 mature pods from each of five plants selected randomly from each plot. Random 100-seed samples from each experimental unit were weighed to determine seed weight. Seed nitrogen was determined using the micro-Kjeldahl procedure and multiplied by the factor 6.25 to obtain percent seed protein (Association of Official Analytical Chemists, 2000) .
Soil from each block was sampled %3 weeks before planting by taking a boring at a depth of 0 to 20 cm from each cultivar row. Samples were air-dried and passed through a 20-mesh screen. Soil pH in water and 0.01 M CaCl 2 (1:2 soil: water) were measured with a glass electrode. Exchangeable cations [potassium, magnesium, calcium (Ca), Mn] were extracted with neutral 1 N NH 4 OAc and determined by atomic absorption spectroscopy. Phosphorus was determined by extracting with pH 8.5 sodium bicarbonate and determined using the ascorbic acid method (Sparks, 1996) . Organic carbon was determined by the Walkley-Black method (Sparks, 1996) . Soil electrical conductivity was determined with a conductivity meter (Thermo Scientific Orion 3-Star, Beverly, MA) using 20 g of soil in 40 mL distilled water. Soil ammonium and nitrate were determined by steam distillation. Bicarbonate was determined in a saturated soil paste by titrating with 0.05 N sulfuric acid standardized with 0.01% methyl orange indicator (USDA-NRCS, 1996) .
Analysis of variance was carried out using the GLM procedure of SAS (Release 9.1 for Windows; SAS Institute, Cary, NC). After significant F tests at P < 0.05, mean separation was performed using the least significant difference test.
Results and Discussion
Location, year, and genotypes showed significant effects (P # 0.05) on most crop parameters measured in the study. An exception was seed protein, which did not show a significant year and location effect. The genotype · location interaction was significant for yield, 100-seed weight, days to midbloom and maturity, plant height, and pod length but not for seed protein (Table 4) .
Year and location had a significant effect on yield of cowpea genotypes (Table 4) . Average yield of genotypes at St. Croix was significantly lower than at Juana Díaz (Table  4) . A possible explanation on the cause of this average yield reduction at St. Croix may be that the plot used in 2005 had a higher soil bicarbonate level than the plot used in 2006 (Table 1) . Bicarbonate is regarded as a major causal factor for Fe and Zn deficiency in many crop species grown in calcaceous soil (Cartmill et al., 2007; De la Guardia and Alcántara, 2002; Mengel et al., 1984; Nikolic and Römheld, 1999; Valdez-Aguilar and Reed, 2010; Yang et al., 1994 (Marschner, 2003) was also a factor in causing lower cowpea yield at St. Croix than at Juana Díaz.
Average yield of genotypes at Juana Diaz was significantly lower in 2006 than in 2005 (Table 5 ). This response was probably the result of genotypes responding to decreasing day length after planting late in the year in 2006 (Eriksen and Whitney, 1984 ; at Juana Diaz, only PI 582805 showed an acceptable yield (Table 4) .
As an important staple in many developing areas of the world, particularly the semiarid tropics where alkaline soils are common, it is important to identify not only high-yielding cowpea genotypes, but also those having high seed protein content. At both locations, genotypes PI 582698 and PI 349852 had high seed protein concentration; however, grain yield in these genotypes was low (Table 4) . A negative correlation between cowpea grain yield and seed protein concentration has also been found in previous studies with cowpea by the authors (Goenaga et al., 2008) .
Seed weight varied significantly among genotypes and locations (Table 4) . At Juana Díaz, genotypes PI 582576 and cultivars Coronet and Pinkeye Purplehull had the highest 100-seed weight averaging 15.8 g. Significantly lower 100-seed weight was found in genotypes grown at St. Croix because of poor plant development that resulted from adverse soil characteristics.
Midbloom mean for all genotypes was 46 d at Juana Díaz and 61 d at St. Croix (Table 4) . At both locations, the accessions PI 349852, 582809, 349674, 582840, 580118, and 582805 took significantly longer to attain midbloom and reach maturity than other genotypes. Accession PI 582698 attained midbloom and maturity sooner than the rest of the genotypes at both locations (Table 4) . At Juana Díaz, the accessions PI 349674 and PI 222756 were significantly taller than the rest of the genotypes averaging 57.4 cm in height, whereas at St. Croix accessions PI 214354 and 222756 were significantly taller than the rest averaging 41.6 cm in height. Pod size of all genotypes was significantly longer at Juana Díaz than at St. Croix (Table 4 ). The fact that average plant height and pod length at St. Croix were, respectively, 50% and 37% lower than at Juana Díaz is indicative that soil properties at St. Croix were a limiting factor for adequate growth and development of plants. In a multisite experiment seeking to identify suitable seed regeneration sites for cowpea germplasm, it was found that mean seed production at St. Croix was 40 times less than at Isabela, Puerto Rico. This difference was attributed to a very 
